Another aim of this long-term experiment was to check how BNT addition to the soil affected its microbiological and biochemical properties. This paper presents the first part of the data of these studies. It concerns the influence of BNT on the survival of Azotobacter chroococcum bacteria introduced to the soils.
Bacteria belonging to the genus Azotobacter are freeliving, aerobic diazotrophs commonly occurring in soil. A. chroococcum is the most prevalent species [13] [14] [15] [16] . The presence of Azotobacter sp. in soils often has beneficial effects on plants [15, [17] [18] [19] [20] [21] [22] [23] [24] [25] . In soils, populations of Azotobacter spp. are affected by soil physico-chemical properties, (e.g., organic matter and water content) and they are especially sensitive to low pH [13-14, 22, 26-27] .
Materials and Methods

Experimental Design and History of the Microplots
Our microplot experiment was established in 1973 at the Institute of Soil Science and Plant Cultivation in Puławy in eastern Poland (51°24'N, 21°57'E), on a subsoil (after removing the humus layer to 25 cm depth because of a study on the effect of BNT on the formation of humus) of an acidic sandy soil (pH H 2 O 5.4) containing 4% particles <0.02 mm and 3.5 g kg -1 of organic carbon in the humus layer. In what follows, this exposed subsoil will be called 'the basic soil.' It contained 95% sand, 4% silt, and 1% clay and at the beginning of the experiment, and only traces of organic C. The upper (0-30 cm) layer of the basic soil was enriched with BNT at rates of 0, 30, 60, and 120 t ha -1 . The BNT contained 1.66% of total potassium (and 0.39% of K soluble in 10% HCl), 0.73% (0.60%) sodium, 4.95% (4.26%) of calcium and 1.22% (0.60%) of magnesium. Its cation exchange capacity was equal to 26 cmol c kg -1 . The microplot experiment involved 16 plots (0.8 m 2 ) with concrete walls (1 m diameter, 1 m depth), and four replicates for each treatment [11] [12] . As the bacteria of the genus Azotobacter were absent in the basic soil and BNT, in 1973 (two months after BNT addition to the soil) the soils were inoculated with Azotobacter chroococcum strain 34B from the collection of the Microbiology Department of the Institute of Soil Science and Plant Cultivation in Puławy.
In the first two years of the experiment, the microplots were planted with white mustard and lupine in order to enrich the soil with green manure. Subsequently (for 28 years until 2002), the microplots were planted with potatoes, various cereals (oat, rye, triticale, barley, wheat), alfalfa, and sometimes with white mustard as the second crop. During these 30 years, the soils were treated with mineral fertilizers and exogenous organic matter. Before growing potatoes, the soils were fertilized with farmyard manure, and after growing cereals they were enriched with residual straw, and after growing mustard, alfalfa, or lupine with the corresponding green manure. The pH of the control soil which was not enriched with BNT had to be regulated by a CaCO 3 addition approximately every four years. Since 2003 the plots were left as bare fallow with no fertilization to find out how stable the organic and mineral soil constituents would be [11] [12] .
During the period of 1973-1985 and additionally in 1990, the soil samples were taken from the 0-30 cm layer. After the period of fallowing, in 2009 and 2010 all plots were sampled from soil depths of 5-30 and 30-55 cm; in 2009 from all the treatments, whereas in 2010 it was only from the control soil and the soil with the highest dose of BNT. In 2009 and 2010 the uppermost layer (0-5 cm) of the soils was removed because of intensive but irregular growth of algae on the surface, which would falsify the concentrations of soil C and N as determined in the same samples. The samples were placed in sterile containers for transport to the laboratory. At the laboratory, the samples were immediately microbiologically analyzed after being sieved through 2 mm. The soils from the microplots were not examined in 1986-89 and 1991-2008.
Experimental Design of the Field Experiment
The field experiment (without replications) was conducted in [1973] [1974] [1975] [1976] ). In 1973 the fields were seeded with barley, in 1974 with potato, in 1975 with lupine, and in 1976 with oat. The fields under cereals were fertilized with nitrogen, phosphorus, and potassium mineral fertilizers. Potatoes were fertilized with both farmyard manure and mineral fertilizers, and lupine only with mineral P and K fertilizers.
The soils of the fields were not inoculated with A. chroococcum as the soils in the microplots. Only populations of the native bacteria belonging to the genus Azotobacter were studied in the soils. As all the colonies of these bacteria turned dark brown after 5-7 days of incubation (similarly as the bacteria in the microplot experiment), it was concluded that they also belonged to A. chroococcum species [14] .
Preparation of the Bacterial Inoculum
Azotobacter chroococcum strain 34B was grown in a liquid Burk's N-free medium [28] in 250-ml Erlenmeyer flasks on a shaker platform rotating at 100 rpm (100 ml per flask). Cultures of the bacteria in the late log-phase of growth from all flasks were mixed together. The mixture containing approximately 1x10 9 CFU ml -1 after 10-fold dilution with tap water was used as an inoculum (100 ml into the soil of each plot to give the final count of approximately 10x10 9 CFU per plot). The control soil obtained the same amount of the inoculum killed by autoclaving. The soils were carefully mixed with a 30 cm spade after inoculation.
Determination of Soil pH and the Number of A. chroococcum
Soil pH was measured with a glass electrode in a slurry of 10 g of soil and 25 cm 3 of deionized water. Numbers of colony forming units (CFU) of A. chroococcum were determined by dilution platecount method on Fenglerova's N-free agar medium [14] 
Statistical Analysis
In the case of the microplot experiment, the regression equations were calculated on the basis of the values from the first 12 consecutive years (until 1985) in order to: 1) compare the changes of both the CFU numbers of A. chroococcum and the soil pH between the soils with various doses of BNT and 2) determine the relationships of the CFU numbers of A. chroococcum on the soil pH in the individual treatments.
In the case of the field experiment, the coefficients of linear Pearson correlation between the CFU numbers of Azotobacter spp., soil pH, and BNT doses were determined.
Results
Microplot Experiment
Immediately after inoculation in 1973, the CFU numbers of A. chroococcum amounted from 23x10 3 g -1 in the control soil to 20x10 . In the next year, the CFU numbers of A. chroococcum increased 2-5-times in the soils enriched with BNT, whereas in the control soil the CFU number of Azotobacter decreased five times. During the next 11 consecutive years (until 1985) , the decreases of the numbers of these bacterial CFUs were observed in the case of all the treatments (Fig. 1) . When the CFU numbers of A. chroococcum were transformed to logarithms to base 10, the changes of these bacterial CFUs can be described with the following linear equations:
• For 0 t ha …where y is log of CFU numbers of A. chroococcum and x is time in years since the year of soil inoculation. The values of slopes are becoming gradually less negative with the increase of BNT dose. This indicates that the decrease of the CFU numbers of A. chroococcum was the fastest in the control soil (as early as 1983 A. chroococcum was not found in this soil), and higher doses of BNT slowed down this decrease more strongly. Calculations made on the basis of the above linear equations show that the logarithms of CFU numbers of A. chroococcum should reach value "0" (CFU number = 1) after 9, 15, 24, and 30 years for 0, 30, 60, and 120 t ha -1 of BNT, respectively. This means that the amendment of the soil with 30, 60, and 120 t ha -1 of BNT slowed down the decrease of the number of these bacteria by approximately 1.7, 2.7, and 3.3 times.
In 1990, after 17 years of soil inoculation, A. chroococcum was still in BNT soils in measurable amounts of 8, 44, and 515 in 1 g of the dry soils for 30, 60, and 120 t ha -1 of BNT, respectively, and these values were on a similar level as five years earlier (in 1985) at 6, 121, and 422 per 1 g of the soils (Fig. 1) .
Czaban and Siebielec [10] The decreases of pH values in all BNT soils are described by the following linear equations: ) on the CFU numbers of Azotobacter chroococcum during 12 consecutive years since the soils inoculation with these bacteria.
• For 30 t ha , but these lines run in different ranges of pH: 7.5-6.2, 7.9-6.3, and 8.1-6.8 for 30, 60, and 120 t ha -1 of BNT, respectively (Fig. 2) . The pH values of the control soil do not follow the same pattern. The linear line of trend is almost parallel to the x axis: y = -0.003x + 0.366 but R 2 equals merely 0.002. Only the polynomial equation of at least degree 5: y = -0.0004x5 + 0.012x4 -0.123x3 + 0.469x2 -0.427x + 6.19 fits well (R 2 = 0.61), with maxima after four and 11 years and minima after one and eight years. This polynomial trend line of pH of the control soil ranges from 6.8 to 6.0 (Fig. 2) .
The number of A. chroococcum in soil enriched with BNT was significantly positively correlated with soil pH at P<0.01. When the values of the bacterial CFU numbers during 1974-85 were transformed to logarithms to base 10, the relationships between soil pH and the numbers of A. chroococcum were linear (Fig. 3b-3d) , and R 2 values for the dependence of CFU numbers of A. chroococcum on pH were approximately 0.7 for all BNT treatments (n = 12). Only in the case of the control soil was the correlation of the bacterial number with pH statistically insignificant, although a similar trend was observed after excluding the data from 1974 (when pH was the lowest <5.8>, but the CFU number was still relatively high <4860 g -1 >), but R 2 for this linear relationship between these variables equals only 0.23 ( Fig. 3a) . At the same pH, the A. chroococcum numbers in the BNT soils calculated from the appropriate above linear equations were approximately 10-20-times higher than that in the control soil, e.g., at pH 6.6: 125-500 CFU g ): (r = 0.991 at P = 0.01). The 1974 data were excluded from these calculations because the differences in the CFU numbers of A. chroococcum between the soils with various BNT doses did not much differ from each other (48,000, 60,000, and 73,000 for 30, 60, and 120 t ha -1 of BNT, respectively, versus to 4,860 CFU of A. chroococcum in the control soil). Only since 1975, after two years from soil inoculation with A. chroococcum, were more distinct differences of the CFU numbers of these bacteria proportional to the BNT doses we observed (Fig. 1) .
In , respectively. In 1976, which was the last year of this experiment, pH H 2 O of the soils in the upper 30 cm layer changed to 6.1, 6.7, 7.1, and 7.9, respectively, for the control soil, 30 t ha -1 BNT, 60 t ha -1 BNT, and 120 t ha -1 BNT. The pH values in 1976 were correlated with the doses of BNT (r = 0.995, significant at P = 0.01, n = 4).
Prior to establishing the field experiment, bacteria of the genus Azotobacter were found sporadically only in the limed soil. At the end of the field experiment, CFU numbers of these bacteria were as follows: 10, 317, 795, and 8,915 in 1 g of dry soils, in the control soil, and the soils with 30, 60, and 120 t ha -1 of BNT added, respectively. Most probably these bacteria were A. chroococcum, because they all turned dark brown after several days of incubation (Martyniuk and Martyniuk, 2003) . The CFU numbers of these bacteria, converted to logarithms to base 10, were both correlated with BNT doses and the soil pH in 1976 (r = 0.956 and 0.980, respectively, both significant at P = 0.05, n = 4).
Discussion
As previously written [10] [11] [12] , the enrichment of the basic soil (which was very poor in mineral colloids and organic matter) with BNT and organic and mineral fertilizers improved some physical (e.g., the increase of water-holding capacity) and some chemical (e.g., the increase of pH and contents of organic C and total N) properties. The exposure of these soils during a further eight years to drastic conditions of bare fallowing without fertilization (when all labile substances were removed from the upper soil layer by decomposition by soil microorganisms or leaching by showers), allowed finding out that highly persistent organic-mineral complexes were formed in the upper layer of BNT-amended soils (especially of the soil with the highest dose of BNT). This phenomenon prevented the fine soil particle fraction from migrating into deeper soil layers. Therefore, the upper 30 cm layer of the soil was not depleted to a great extent of soil particles responsible for retention of water, organic matter, and various nutrients.
BNT contained substantial amounts of forms of Mg, Na, K, and especially Ca that are soluble in 10% HCl, which were readily dissolvable minerals, including carbonates as well as these elements bound in the interlayer space or the surface of montmorillonite. Therefore, the enrichment of the sandy soil with BNT (especially with its higher dose) significantly reduced the acidification of the soil during both periods of plant cultivation and after longterm fallowing. However, these base substances, soluble in 10% HCl, gradually disappeared from the upper 30 cm soil layer during the experiment term, especially during the 7/8-year bare fallowing [10] [11] .
After the inoculation of the soils with A. chroococcum in 1973, the highest CFU number of A. chroococcum was found in the control soil, and the lowest in the soil with 120 t ha -1 . The sorption of these bacteria by BNT was probably the reason for the observed phenomenon. Theng and Orchard [29] reported that the sorption of bacteria by soils increases with clay content.
During 1974-1985, the pH changes were most probably the main cause of the changes in A. chroococcum's CFU numbers in the soils amended with BNT. In the BNT soils, the year means of pH were very significantly correlated with the means of CFU numbers of A. chroococcum.
As the pH of the control soil did not present the same pattern as that of BNT soils, and due to the fact that in the control soil the gradual decrease of pH was not observed due to occasional liming, the pH changes of the control soil were probably not the only reason for the gradual decrease of the CFU numbers of A. chroococcum in this soil. Only the decrease of pH to 5.8 in 1974 could be the main cause of the 5-fold decrease of the CFU numbers of A. chroococcum at that time in the control soil. In this year, pH of the BNT soils was much higher (it ranged from 7.2 to 7.8), and 2-5-fold increases of the CFU numbers of A. chroococcum were found in these soils. The other significant decreases of the CFU numbers of these bacteria in the control soil (6-fold in 1975, 15-fold in 1976 , and 5-fold in 1979) happened when pH was not low (6.7, 6.8, and 6.8) .
Therefore, it cannot be excluded that other beneficial influences of BNT on these bacteria occurred, especially that at the same pH around 6.6-7.0, the numbers of A. chroococcum CFU in the BNT soils were approximately 10-20-times higher than those in the control soil. As pointed out by several authors, the enrichment of various sandy soils with bentonite increases their porosity and alters pore-size distribution by increasing the proportion of small pores [7] [8] [30] [31] . Therefore, bentonite is responsible for the creation of protective micro-habitats for bacteria (soil pores <6 µm) against predation by protozoa [32] [33] . Furthermore, van Elsas and Heijnen [34] reported that bentonite clay, which has the potential to serve as a carrier for introducing bacteria into soil, prolonged the survival of the introduced bacterial strain and promoted the occurrence of plasmid transfer at higher frequencies.
Significantly higher contents of organic carbon, total nitrogen, total manganese, available phosphorus, and water in the soils amended with BNT, especially with its highest dose [10] [11] [12] , could also positively affect Azotobacter's CFU number in those soils. As was presented in several papers, the CFU number of Azotobacter in soils was positively correlated with organic C concentration [13-14, 26, 35-37] , total N concentration [13] [14] 37] , total Mn concentration [38] , and available phosphorus concentration [38] [39] . Furthermore, Barnes et al. [35] found a positive relationship between the number of Azotobacter's CFU and soil water content, and Natywa et al. [40] discovered that field irrigation increased Azotobacter's CFU number in the soil.
Metabolic activity of these bacteria in the soil could also be positively affected by BNT addition. Heijnen et al. [41] reported that the presence of bentonite clay in loamy sand stimulated the metabolic activity of introduced rhizobia. Organic C was used more efficiently during growth in the bentonite-amended soil than in the unamended one.
Phiromtan et al. [42] , studying the effect of various organic carriers on survival of Azotobacter vinelandii inoculum during its storage, emphasized that adding clay mineral to the carriers was a beneficial technique for improving the quality of the bioinoculant. This clay mineral component played a critical function in promoting physical and biochemical environments for this microbial population. The increase in high specific surface area of the carrier could promote adsorption of organic and inorganic substances, cation exchange capacity, and water-holding capacity, as well as encouraging microbial catabolism by increasing adherence and tolerance capacity of Azotobacter under hot conditions [42] .
The CFU number of Azotobacter spp. (most probably A. chroococcum) at the end of the four-year field experiment was also positively correlated with pH of the soils. It is very interesting that BNT addition to this soil increased the CFU number of these bacteria by 30-900 times -amounts that seldom occur in agricultural soils [13] [14] 40] . However, the lack of longer duration of this field experiment failed to show how persistent this increase would be. The highest values of CFU numbers of the native Azotobacter spp. in this soil were recorded when soil pH H 2 O was (similar to the microplot experiment) close to 8. This is consistent with the data of Lenart [13] and Chenappa et al. [43] , who found that A. chroococcum was the most numerous in slightly alkaline soils (pH H 2 O between 8 and 9). In the last two years of the plot experiment, after 7/8 years of fallowing (and when pH of the upper soil layers significantly decreased), A. chroococcum was found only in the lower layer of the soil with the highest dose of BNT, where soil pH H 2 O was higher than 6, which is consistent with the results of Martyniuk and Martyniuk [14] , who did not find A. chroococcum in soil with pH H 2 O lower than 6.5.
Conclusions
The addition of BNT (the waste bentonite containing carbonates) to a subsoil of a very poor acidic sandy soil significantly slowed the gradual decrease of the CFU number of Azotobacter chroococcum, introduced into the soil at the beginning of a 38-year-microplot experiment. Furthermore, BNT added to another sandy soil in a 4-yearfield experiment greatly increased the CFU number of native bacteria of genus Azotobacter, occurring in this soil in trace amounts prior to establishing the experiment. The effect of BNT on the CFU number of these bacteria was dose-dependent in both experiments. The increase of the soil pH by BNT addition was the main mechanism of the observed phenomenon.
